Widely used man-made chemicals, including phthalates, can induce hormonal alterations through a variety of cellular and molecular mechanisms. A number of rodent and observational studies have consistently demonstrated the anti-androgenic effect of several phthalates. However, there are only limited data on the relationship between exposure to these chemicals and reproductive hormone levels in men. All men (n = 425) were partners of pregnant women who participated in the Study for Future Families in five US cities and provided urine and serum samples on the same day. Eleven phthalate metabolites were measured in urine and serum samples were analysed for reproductive hormones, including follicle-stimulating hormone, luteinizing hormone, testosterone, inhibin B and oestradiol and sex hormone-binding globulin (SHBG). Pearson correlations and parametric tests were used for unadjusted analyses, and multiple linear regression analysis was performed controlling for appropriate covariates. We observed weak or no associations with urinary phthalates other than di(2-ethylhexyl) phthalate (DEHP). All measures of testosterone [total, calculated free testosterone and the free androgen index (FAI)] were inversely correlated with the urinary concentrations of four DEHP metabolites. After adjustment by appropriate covariates, there was no longer an association between urinary DEHP metabolite concentrations and total testosterone levels; however, FAI was significantly associated with the urinary concentrations of several DEHP metabolites. SHBG was positively related to the urinary concentrations of mono(2-ethylhexyl) phthalate, but not with other DEHP metabolites, an association that was attenuated after adjustment. Our results suggest that DEHP exposure of fertile men is associated with minor alterations of markers of free testosterone.
Summary
Widely used man-made chemicals, including phthalates, can induce hormonal alterations through a variety of cellular and molecular mechanisms. A number of rodent and observational studies have consistently demonstrated the anti-androgenic effect of several phthalates. However, there are only limited data on the relationship between exposure to these chemicals and reproductive hormone levels in men. All men (n = 425) were partners of pregnant women who participated in the Study for Future Families in five US cities and provided urine and serum samples on the same day. Eleven phthalate metabolites were measured in urine and serum samples were analysed for reproductive hormones, including follicle-stimulating hormone, luteinizing hormone, testosterone, inhibin B and oestradiol and sex hormone-binding globulin (SHBG) . Pearson correlations and parametric tests were used for unadjusted analyses, and multiple linear regression analysis was performed controlling for appropriate covariates. We observed weak or no associations with urinary phthalates other than di(2-ethylhexyl) phthalate (DEHP). All measures of testosterone [total, calculated free testosterone and the free androgen index (FAI)] were inversely correlated with the urinary concentrations of four DEHP metabolites. After adjustment by appropriate covariates, there was no longer an association between urinary DEHP metabolite concentrations and total testosterone levels; however, FAI was significantly associated with the urinary concentrations of several DEHP metabolites. SHBG was positively related to the urinary concentrations of mono(2-ethylhexyl) phthalate, but not with other DEHP metabolites, an association that was attenuated after adjustment. Our results suggest that DEHP exposure of fertile men is associated with minor alterations of markers of free testosterone.
Introduction
Recent studies have reported secular declining trends in testosterone levels (Andersson et al., 2007; Travison et al., 2007) consistent with decreases in semen quality (Carlsen et al., 1992; Swan et al., 1997) . Although exposure data are limited, it has been hypothesized that these changes might concur with increasing human exposure to endocrine-disrupting compounds (Sharpe & Skakkebaek, 2008; Jørgensen et al., 2010) . Phthalates are extensively used in industry and commerce as components of foods, personal care products and plasticizers (ATSDR, 2002) . A majority of US residents have detectable concentrations of several phthalates in urine, indicating that exposure to the parent diester compounds is common among the general population (CDC, 2009) . A growing body of toxicological studies has shown associations between several of these phthalates and adverse reproductive effects Meeker et al., 2009a) . Briefly, dibutyl phthalate (DBP), benzylbutyl phthalate, di(2-ethylhexyl) phthalate (DEHP), and di-isononyl phthalate have been shown to disrupt reproductive tract development (e.g. hypospadias, reduced foetal testosterone synthesis) in male rodents as a result of anti-androgenic action Parks et al., 2000) . Germ cells are also considered the primary targets of phthalate toxicity (Akingbemi et al., 2004; Mahood et al., 2005; Foster, 2006) . Both foetal and adult exposures to phthalates are suspected to contribute to impaired human fertility (Skakkebaek et al., 2001; Mahood et al., 2005) . However, only a few human studies have looked into the association between male's reproductive hormones or hormone markers and phthalate exposures.
Regarding perinatal exposures, Main et al. (2006) investigated the relationship between the concentrations in human breast milk of several phthalate metabolite monoesters and postnatal reproductive serum hormones in newborn boys. They found positive associations between the concentrations in breast milk of some phthalate metabolites [monoethyl phthalate (MEP), mono-n-butyl phthalate (MBP)] with serum luteinizing hormone (LH)/free testosterone (FT) ratio, sex hormone-binding globulin (SHBG) and LH concentrations, as well as a negative association between MBP and calculated serum FT levels. Swan (2008) and Swan et al. (2005) evaluated anogenital distance (AGD) and other genital measurements in boys 2-36 months of age in relation to their mother's phthalate exposures measured (assessed by the concentrations of phthalate metabolites in prenatal urine samples). Urinary concentrations of MEP, MBP, monobenzyl phthalate (MBzP) and monoisobutyl phthalate (MiBP) were inversely related to AGD, a marker of incomplete virilization in rodents, supporting the hypothesis that prenatal phthalate exposure may adversely affect male reproductive development in humans also. Pan et al. (2006) studied adult men occupationally exposed to phthalates showing that exposure to DEHP and DBP was negatively associated with FT serum levels. In a Swedish population of young men, Jonsson et al. (2005) reported an inverse association between urinary MEP concentration and LH values, although no association was found between other phthalate metabolites and other reproductive hormones. Duty et al. (2005) , in a male population attending a fertility clinic, reported a negative association between urinary concentrations of MBzP with follicle-stimulating hormone (FSH) serum levels, but a positive association for MBP and inhibin B.
Recently, Meeker et al. (2009b) extended the work of Duty et al. (2005) by including a larger sample size and expanding the number of hormones and phthalate metabolites measured. The authors found that the urinary mono(2-ethylhexyl) phthalate (MEHP) concentration was negatively associated with testosterone, oestradiol (E 2 ) and free androgen index (FAI) levels, suggesting that exposure to DEHP may be associated with altered sex steroid hormones in some men.
The overall aim of this study was to examine the associations reported by Meeker et al. (2009b) in a population of fertile men.
Materials and methods

Study population
All men were participants in the Study for Future Families (SFF), a multicentre study of pregnant women and their partners, conducted at prenatal clinics affiliated with university hospitals in five US cities (Harbor-UCLA and Cedars-Sinai Medical Center in Los Angeles, CA, USA; University of Minnesota Medical Center in Minneapolis, MN, USA; University Physicians in Columbia, MO, USA; Mt. Sinai School of Medicine, New York City, NY, USA; and University of Iowa, Iowa City, IA, USA) between 1999 and 2005. Methods for clinical examination, data collection and semen analysis, which were standardized across centres, have been described previously (Swan et al., 2003) . Briefly, couples were recruited at the prenatal clinic and only those whose pregnancy was conceived without medical assistance were eligible. The men completed a questionnaire, received a physical examination and gave a urine sample within 15 min after the blood was drawn. These men were presumed to be the biological father of the pregnancy based on their statements and that of the partner. Questions for them included demographics, recent fever, history of sexually transmitted diseases, as well as lifestyle factors (smoking, alcohol and caffeine consumption) and diet. The involvement of Centers for Disease Control and Prevention (CDC) laboratory was limited and determined not to constitute engagement in human subjects' research. Human subject approvals were obtained from Institutional Review Boards at all participating institutions.
Serum hormones analysis
Venous blood samples were drawn, and the serum was separated and frozen at −80 °C. All samples were analysed for hormones in the same laboratory at the Rigshospitalet (Copenhagen, Denmark). Samples were shipped to Copenhagen on dry ice and stored at −20°C until analysis was performed. This methodology has been described previously elsewhere (Bang et al., 2005; Asklund et al., 2007) . Briefly, hormone assessments were performed simultaneously to reduce intralaboratory variations. Serum levels of FSH, LH and SHBG were determined, using a time-resolved immunofluorometric assay (DELFIA, Perkin Elmer, Denmark). Testosterone levels were determined using a time-resolved fluoroimmunoassay (DELFIA), and E 2 by radioimmunoassay (Pantex, Santa Monica, USA). Inhibin B levels (Oxford-Bioinnovation, UK) were determined by a specific two-sided enzyme immunometric assay. Intra-and interassay coefficients of variation (CV) for measurements of both FSH and LH were 3 and 4.5%, respectively. CV for both testosterone and SHBG were <8 and <5%, and CV for inhibin B were 15 and 18%, respectively. To estimate the biologically available levels of free testosterone, two measures were used. FAI was calculated as (total testosterone)/(SHBG × 100). FT is a measure of free testosterone calculated from concentrations of total testosterone, albumin and SHBG along with testosterone-binding constants to albumin and SHBG. FT concentration was calculated using the equation of Vermeulen et al. (1999) .
Urinary phthalate metabolite measures
The concentrations of urinary phthalate metabolites in 425 men were determined at the Division of Laboratory Sciences, National Center for Environmental Health, CDC (Atlanta, GA); CDC researchers had no access to participant data. Urinary samples were frozen and stored at −80 °C, and then were shipped to CDC on dry ice. Phthalate metabolites were measured in urine to avoid potential sample contamination from the parent diester and because the metabolites (not the parent diesters) are supposed to be the active toxicants (Li et al., 1998) . The analytical approach to the analysis of urinary phthalate metabolites is a modification of previously published methods and has been described previously (Silva et al., 2007) . Briefly, the analysis involves the enzymatic deconjugation of the phthalate metabolites from their glucuronidated form, automated online solid-phase extraction coupled with separation with high-performance liquid chromatography, and detection by isotope-dilution tandem mass spectrometry. This high-throughput method allows for the concurrent quantification in human urine of the 11 phthalate metabolites reported in this work. Limits of detection (LOD) are in the low nanogram per millilitre range. Isotopically labelled internal standards were used along with conjugated internal standards to increase precision and accuracy of the measurements. The method is accurate (spiked recoveries are near 100%), and precise with between-day relative standard deviations of <10%. Quality control samples and laboratory blanks were analysed along with unknown samples to monitor performance of the method (Swan et al., 2005) 
Statistical analyses
As the frequency distribution of serum hormones (except E 2 ) and phthalate metabolites' urinary concentrations were skewed (non-normal) distributions, these variables were logarithmically (log 10 ) transformed before analysis. In preliminary analyses (unadjusted), Pearson correlation coefficients and parametric tests were used to explore the relationship between each hormone concentration and each phthalate metabolite concentration. Multiple linear regression analyses were then performed controlling for appropriate covariates previously noted to be associated with male reproductive function, including age, age square, body mass index (BMI), smoking status (current smoker vs. never smoked), ethnicity [(African-American vs. others) because of relevance of racial and ethnic differences in sex steroids; Wang et al., 2007] , urinary creatinine concentration, time of sample collection (number of hours after 7:00 am of serum and urinary collection) and time of collection squared. Other covariates (i.e. season, educational level, centre and stressful live events) were also explored, but were not retained in the final models. Age, BMI, urinary creatinine concentration and time of sampling were modelled as continuous variables, all others as dichotomous variables. Only four men used any hormonal medication, but in any case, to be a confounder, these medications would have to also be related to DEHP exposure and this is not a common use for DEHP. Most metabolite concentrations were above the LOD; those below the LOD were assigned a value of LOD divided by √2, which has been recommended when the data are not highly skewed, as was the case here (Hornung & Reed, 1990) . Data analysis was performed by two analysts using sas v9.1 (SAS Institute Inc., Cary, NC, USA) and spss v17.0 (SPSS Inc., Chicago, IL, USA).
Results
Although 950 men participated in SFF, urine was not collected until the second year of the study. Of the 847 men who provided a blood sample, urinary phthalate metabolite concentrations were available for 425 individuals (50.2%), except for E 2 and inhibin B levels, which were only available for 405 and 424 men, respectively. Information on all covariates was available for 363 individuals, who were included in the final analysis. Summary statistics for men's reproductive hormones are presented in Table 1 . The mean age [in years ± standard deviation (SD)] and BMI (in kg/m 2 ± SD) were 32.2 ± 6.2 and 28.2 ± 5.4, respectively. Twenty-one per cent of the men were smokers and a majority were Caucasian (72%).
We saw little or no associations with metabolites of phthalates other than DEHP (data not shown). We report here on the associations involving the four measured metabolites of DEHP (MEHP, MEHHP, MEOHP and MECPP). The urinary concentrations of phthalate metabolites (before creatinine adjustment) and percentages above the LOD are shown in Table 2 . All men had detectable concentrations of at least one urinary DEHP metabolite. Mean and SD for urinary creatinine concentrations were 144 ± 80.4 mg/ dL (median= 139 mg/dL).
In simple pairwise correlations, testosterone (total, FAI and FT), decreased somewhat with age (r = −0.11, −0.31, −0.24 for testosterone, FAI and FT, respectively; all p-values < 0.05).
Similarly, FSH and SHBG increased modestly with age (r = 0.14 and 0.15, respectively; both p-values < 0.01). BMI was negatively correlated with testosterone, inhibin B, SHBG and FT (r = −0.43, −0.31, −0.45, −0.26, respectively; all p-values < 0.01) and positively correlated with E 2 and FAI (r = 0.22 and 0.10, respectively; both p-values < 0.05). We saw a smaller (positive) correlation between BMI and FAI, but it was driven by a small number of individuals with high BMI and very low SHBG. Other than these individuals, FAI and FT were highly correlated (data available on request). Table 3 shows correlation coefficients for men's reproductive hormones and creatinine-adjusted phthalate metabolite concentrations from initial univariate analysis. All measures of total or bioavailable testosterone were inversely correlated with urinary DEHP metabolite concentrations. SHBG levels were positively related to MEHP, but not with other urinary DEHP metabolite concentrations in the univariate analysis, an association that was attenuated after adjustment. Table 4 shows standardized regression coefficients (and p-values) for our final multivariate models.
Although these parameters vary somewhat with the specific metabolite, we include results only for MEHP here. Results for other metabolites are similar (data available on request). Table 5 shows the results of the multivariate analysis for men's reproductive hormones and phthalate metabolite urinary concentrations. By comparing these entries with those in Table  4 , we see that for several of these, including age and BMI, associations between covariates and metabolites are stronger than those with DEHP metabolites. Although time of blood draw was not a confounder in these analyses, we included it because of its strong association with several hormones. After adjustment, there was no longer an association between urinary DEHP metabolite concentrations and total testosterone levels. However, there remained a weak negative association between FT (as reflected by FAI) and several individual urinary DEHP metabolites as well as the ∑DEHP metabolite concentrations. FAI/ LH ratio was also inversely associated with urinary MEHP concentrations. Figure 1 shows the percentage change in men's reproductive hormones expected with an interquartile increase (25th-75th) in phthalate metabolite concentrations for a 32-year-old non-smoker with BMI of 28 kg /m 2 . For this typical study subject, an increase in urinary concentrations of MEHP and oxidative metabolites (MEHHP and MEOHP) from the 25th to the 75th percentile would be predicted to decrease FAI levels between 5% and 8%.
Discussion
This is the first study to examine the relationships between phthalate exposure and reproductive hormones in fertile men. Our results suggest that among fertile men, increasing environmental exposure to DEHP is associated weakly with hormonal alterations that would tend to decrease free testosterone (as reflected by the FAI). Urinary concentrations of other phthalate metabolites were not strongly associated with serum hormones in this population of fertile men.
Our results are similar to those reported by Meeker et al. (2009b) who described these associations in men recruited at an infertility clinic, although they reported a significant inverse association between urinary MEHP concentration and both testosterone and E 2 levels, not seen in our population. Although we observed a significant inverse correlation between testosterone and MEHHP and MEOHP concentrations, this association disappeared after covariate adjustment. Furthermore, although we saw a suggestive negative association between MEHP and E 2 levels, it was weak and did not reach traditional levels of statistical significance.
However, as in Meeker et al. (2009b) , we found significant inverse associations between FAI levels and three of the DEHP urinary metabolite (MEHP, MEHHP and MEOHP) concentrations and their sum. The similarity of this finding in these two populations is of interest because our two populations were quite different. Meeker et al. (2009b) studied male partners of couples living in Boston undergoing infertility investigation; we studied fertile men from five US cities whose female partners were mid-pregnant at the time they gave their samples. Moreover, these two populations were dissimilar in their reproductive hormone levels and phthalate metabolite concentrations. The median values for FSH was higher, serum testosterone lower and MEHP higher in men studied by Meeker et al. (2009b) compared with our population, suggesting that at least some of the infertile men had primary testicular dysfunction associated with higher FSH and lower testosterone. However, the outcomes of both studies are not inconsistent, and suggest that DEHP metabolites may act similarly on the male reproductive axis in these two populations.
We saw a decrease in calculated FT and FAI levels (markers of biologically active testosterone) with increasing DEHP exposure. Decreases in the free fractions of total testosterone may be related to higher SHBG levels, as discussed next. Although all men in our study had serum testosterone, FT and FAI within the reference range of our laboratory, these data [consistent with the known anti-androgenic effect of DEHP (Parmar et al., 1986; Heindel et al., 1989; Srivastava et al., 1990; Li et al., 1998 Li et al., , 2000 Higuchi et al., 2003; Talsness et al., 2009; Thompson et al., 2009) ], suggest that current environmental levels of DEHP exposure may exert a negative effect on the endocrine function of healthy men. This finding is consistent with data suggesting that phthalates may inhibit expression of genes involved in steroidogenesis (cholesterol transport and the biosynthesis of testosterone) in rat foetal testis after in utero exposure to large doses of DEHP (Borch et al., 2006) . However, two recently published studies did not find any anti-androgenic effects of phthalates on human foetal Leydig cells activity (Huang et al., 2009; Lambrot et al., 2009 ). Huang et al. (2009) studied prenatal exposure to phthalates in infants and reported a significant negative correlation between amniotic fluid MBP and the anogenital index adjusted by birth weight in female infants only. Lambrot et al. (2009) investigated the effects of MEHP on the development of human foetal testis. Their main results demonstrated that phthalates alter the development of the germ cell lineage, but in contrast to results observed in the rat, phthalates did not affect steroidogenesis. Nonetheless, earlier studies (Swan et al., 2005; Main et al., 2006; Swan, 2008) suggest that prenatal phthalate exposure may adversely affect male reproductive function in infant humans. Our data can only address adult exposures and not reflect any effects of prenatal exposure given the short half-life of DEHP metabolites (Koch et al., 2006) .
We also found a significant positive association between serum SHBG levels and urinary MEHP concentrations, but not with the other measured DEHP metabolites. Increased serum SHBG levels have been described as an indirect sign of reduced androgen activity (Belgorosky & Rivarola, 1985) . Increased serum SHBG levels lead to a reduction in FT, as SHBG is the major specific binding protein for testosterone, whereas testosterone is loosely bound to albumin. The fact that FAI and SHBG are statistically associated with DEHP urinary metabolite concentrations whereas testosterone individually is not suggests that the associations we observed in these measures of free testosterone are driven by changes in SHBG. The decrease in the FAI /LH ratio with increasing MEHP urinary concentrations suggests that the anti-androgenic effect of that metabolite -at least to some degree -is mediated via a negative effect on the function of Leydig cells in the testes. In addition, LH levels usually increase to compensate when testosterone or FT decreases because of a compromised testicular production, and we did not see that augmentation. However, considering the clear association between serum SHBG levels and MEHP, it is worth considering that DEHP may also affect the liver and SHBG synthesis, especially as rodent studies have shown that DEHP, DEHP metabolites and DBP significantly affect the liver (Lapinskas et al., 2005; Wyde et al., 2005; Eveillard et al., 2009 ). .0 ng /mL, respectively, compared with 3.2 and 7.7 ng /mL in our study.
Our data were limited by the use of a single urine sample to assess phthalates exposure and a single serum sample to describe hormone function. However, several studies have shown that although the urinary concentrations of phthalate metabolites are variable, exposure can be adequately described by a single sample (Hoppin et al., 2002; Hauser et al., 2004; Teitelbaum et al., 2008) . Similarly, a single sample can be used to classify men's reproductive hormones (Bjornerem et al., 2006) . In summary, our results suggest that among fertile men, increasing environmental exposure to DEHP is associated weakly with hormonal alterations that would tend to decrease markers of free testosterone. Summary statistics for the urinary concentrations (in ng/mL) of di (2- Table 3 Correlation coefficients for men's reproductive hormones and creatinine-adjusted di(2-ethylhexyl) phthalate (DEHP) metabolite concentrations (univariate analysis; n = 425) Standardized regression coefficients (p-values) for covariates included in the final multivariate models of mono(2-ethylhexyl) phthalate (MEHP) and serum hormones Table 5 Multivariate analysis for men's reproductive hormones and di(2-ethylhexyl) phthalate (DEHP) metabolite concentrations (n = 363) a 
